Abstract. We address the problem of air mass trajectory uncertainty through an intercomparison of trajectories computed from operational meteorological analyses from the region and time period of the NASA/GTE/TRACE A experiment. This paper examines the trajectory uncertainty that results from the input meteorological analyses. We first compare the National Meteorological Center (NMC) and European Centre for Medium-Range Forecasts (ECMWF) meteorological analyses to an independent set of observations, the dropsondes released from the NASA DC-8 over the South Atlantic during TRACE A. We also compare the gridded wind and temperature fields with selected rawinsonde data that entered the analyses. These comparisons show that the ECMWF fields are marginally better than the ones from NMC, particularly in the tropical regions of the southern hemisphere. The NMC analyses are marginally better in the midlatitude westerlies in some cases. In general, slightly more confidence can be placed in trajectories computed with ECMWF data over the TRACE A region, based on our comparisons of the analyses with observations. Second, we compute 5-day back trajectories with three different models from a grid of points over the South Atlantic and adjacent portions of South America and Africa as well as on the track of TRACE A flight 15 over the South Atlantic. When using the Goddard Space Flight Center isentropic model, horizontal separations of greater than 1000 km occur for about 50% of the points when trajectories run with the ECMWF and NMC analyses are compared. Greater sensitivity to the input analysis differences is noted when trajectories are computed with the FSU kinematic model (separations exceed 1000 km for 75% of the points). The problem of meteorological uncertainty should be addressed with two approaches. There are large differences between both sets of analyses and the TRACE A soundings; this is also likely to be the case in other remote regions. Therefore we recommend that a test set of trajectories be computed with both sets of input data to quantify the uncertainty due to analysis differences. In addition, clusters of trajectories about the points of interest should be run to assess the uncertainty due to wind shear. These recommendations are applicable to any region of the globe with sparse observations. The companion paper [Fuelberg et al., this issue, part 2] addresses uncertainties due to trajectory technique.
Introduction
Backward trajectory analyses are necessary for interpretation of the chemical data collected during the Transport and Atmospheric Chemistry Near the EquatormAtlantic (TRACE A) mission, and forward trajectories are required for Lagrangian chemical modeling. However, trajectory uncertainty is large in the experimental region (South America, the South 
Analysis Quality
To determine the relative quality of the NMC and ECMWF 2.5 ø x 2.5 ø analyses, we conducted two tests: (1) a comparison of the two sets of analyses with selected dropsondes released from the DC-8 during overwater flights and (2) a comparison of the two sets of analyses with selected rawinsonde observations over the South American and the African continents. We have performed these tests on the following variables: u (eastwest wind component), v (north-south wind component), and temperature. The dropsonde data were not used by the operational meteorological centers in the analyses. Therefore the dropsonde data are an independent set of observations. In the second test, rawinsonde data that were used in the analyses were compared with the resulting analyses. This test determines how closely the analyses represent the observations on which they were based. Previous tests of the analyses [e.g., Trenberth and Olson, 1988a, b] have shown that insufficient weight is given to new observations entering the data assimilation systems.
Comparisons With Dropsondes
In the dropsonde versus analysis test we have compared data from 45 dropsondes (all within _+3 hours of the 1200 UT analysis time) to the nearest grid point on the analyses. Figure  1 shows the locations of these dropsondes. We have performed the comparisons for several subregions (see Figure 1 ) and for the entire set of 45 sondes, and the results are summarized in Tables 1-3. Table 1 gives the average absolute differences and root-mean-square (RMS) differences for each variable and each level for all 45 sondes. Table 2 Therefore we can conclude that the ECMWF analyses are marginally better than the NMC analyses over the South Atlantic region as a whole during the TRACE A period. However, the differences between sondes and both sets of analyses are quite large (>0.5) when expressed as fractions of the mean sonde winds (Table 3) . While the sonde data contain scales of motion not represented in the analyses (e.g., mesoscale circulations, small eddies, and small-scale turbulence), the results of the sonde versus analysis comparisons are informative concerning which analysis more closely reflects the observations. Our findings are in basic agreement with those of Trenberth and Olson [1988a, b] , who made a case for putting greater confidence in ECMWF analyses than in NMC analyses for the southern hemisphere. The Trenberth and Olson conclusion was based on case study comparisons of both sets of analyses with observed soundings from the South Atlantic, South Pacific, and Antarctica in 1985.
Comparisons With Rawinsondes
Three rawinsonde stations in Brazil, six stations in Africa, and two stations in the South Atlantic (see Figure 1) Therefore based on our comparisons with rawinsondes (data that did enter the analyses), the ECMWF product appears to better represent the available observations over most of the TRACE A region. This result is in agreement with that obtained from the dropsonde comparisons.
Comparisons of Two Sets of Analyses
We computed the root-mean-square (RMS) difference between the NMC and the ECMWF analyzed winds at 700, 500, and 300 mbar at each grid point in the region over the September-October 1992 period. These calculations were performed separately for the u and v wind components, and (Figures 3a, 3b, 3c) . A detailed analysis of the major maxima and minima of the RMS time series plots reveals particular days or periods of days when the ECMWF and NMC analyses differ more or less than is typical. These are periods when we expect trajectory differences to be greater or less than average. During the period of the TRACE A flights (September 17 to October 24), particularly low RMS differences were noted on September 21 (day 265) and October 20-22 (days 294-296). The ECMWF and NMC analyses correspond the best on these days, and the major meteorological features are represented in very similar geographic locations in both analyses. Conversely, large RMS differences, indicating poorer correspondence between the two analyses, were noted on September 26-29 (days 270-273), October 5-6 (days 279-280), and October 12-14 (days 286-288). In these cases the flow is weaker over the South Atlantic, and both analyses have more smaller-scale features that are placed at different locations.
The ECMWF and NMC analyses for 1200 UT October 18, 1992 (the beginning of the 5-day back trajectory intercomparison period) are presented in Figure 4a -4f. At 700 mbar the most dominant feature is the major anticyclone over the South Atlantic. The center of this circulation is located slightly farther west on the ECMWF analysis than on the NMC analysis, and the ECMWF anticyclone is more elongated in the eastwest direction. Other differences between the two analyses include (1) a more pronounced anticyclonic circulation over southeastern Africa on the NMC analysis, (2) a more pronounced flow on the NMC analysis along the western coast of Africa from the equator into southern Africa, and (3) a difference in the direction of the trade winds in the region between northeastern Brazil and western Africa. At 500 mbar the anticyclone over the western part of the South Atlantic is more elongated in the north-south direction on the NMC analysis than on the ECMWF analysis. However, the anticyclonic circulation centered over Angola is more pronounced on the ECMWF analysis. The major differences in the analyses at 300 mbar are a slightly stronger anticyclonic circulation centered at 10øS along the western coast of Africa in the ECMWF analysis and a second anticyclonic center along the east coast of Africa in the NMC analysis. The obvious analysis differences noted here along with more subtle differences in wind direction and speed cause major discrepancies in the resulting trajectories. These trajectory differences are discussed in section 4. [Haagensen and Shapiro, 1979] . LaRC runs the present version of this model with NMC or ECMWF input fields with an enrichment process that interpolates available rawinsonde data into the fields used for trajectory construction. The analyses from the operational centers and the soundings are first transformed to potential temperature coordinates, and the resulting gridded fields are treated as "first-guess" analyses. The soundings are used to develop correction fields which are added to the first-guess analyses and smoothed with a five-point filter.
Intercomparison Procedures
Comparisons between trajectories computed with NMC in- 
Trajectory Differences
A critical first step in the intercomparison is to test the numerical accuracy of the trajectory models to determine how significant this source of error may be relative to the differences that we find. We performed this evaluation with a backward/forward test. Five-day backward trajectories were computed from a series of points and the origins of these trajectories were used to initiate 5-day forward trajectories. We The numerical error in the GSFC isentropic model is essentially negligible, and the errors in the LaRC and FSU models, although considerably greater, are acceptable given the much greater differences in the wind fields themselves. Therefore only a very small portion of the trajectory differences are due to numerical error.
Qualitative Comparisons
The large differences associated with the NMC and EC-MWF analyses propagate to large discrepancies in the trajectories. Figure 6 shows selected trajectories computed with the three models with both sets of input (NMC and ECMWF). Figure 6 were generated for each of the 59 (16 points x three levels plus 11 points on flight 15 track) intercomparison points. We reviewed the maps qualitatively to determine for each of the three models if the use of the two input data sets produce trajectories that indicate a 
Maps similar to those in

Quantitative Comparisons
We Table 6 ).
tance. For each comparison we present histograms showing the distribution of the differences at the end of the fifth day. Fifthday statistics are also presented in tabular form, including the median trajectory differences and the percentages of the trajectories having differences within certain distance or pressure bounds.
Isentropic Models
GSFC model. Vertical separations are relatively small between the ECMWF and NMC trajectories run in the GSFC isentropic model (see Table 8 , Figure 7) . Note that at 5 days of transport, almost all agree within +_100 mbar and the median absolute vertical separations are about 35 mbar at most. However, the horizontal separations are still significant, with median values at 5 days ranging from 800 to 1100 km for trajectories arriving at the three pressure levels. Almost 15% of these trajectories have horizontal separations of more than 2000 km at 5 days (see Figure /b ). l ne comparisons for horizontal separation are generally better at 700 and 500 mbar than at 300 mbar, despite the fact that vertical separations are largest at 700 mbar. The larger horizontal separations at 300 mbar probably result from the generally stronger wind speeds in the upper troposphere, particularly in the westerlies. The NMC and ECMWF analyses compare favorably in a qualitative sense (e.g., placement of major anticyclones), but small differences in the winds at corresponding grid points in the two sets of analyses frequently cause trajectory differences to propagate to the order of 1000 km or more over five days. However, the median horizontal separation for the flight 15 points was slightly smaller than for the grid points, which is encouraging for the analysis of chemical data from this flight.
NMC wind speeds along the trajectory paths apparently tended to be slightly stronger than the ECMWF speeds during ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, troposphere. Median horizontal separation for the trajectories initialized at 300 mbar is -70% greater for the LaRC product than for the GSFC product. The horizontal separation is a factor of -2 greater for the flight track trajectories which are dominated by upper tropospheric arrival points (8 out of 11 trajectories initialized at 200 or 300 mbar). Only 15% of the LaRC tr•ectories had horizontal separations <500 km and only 44% of the separations were <1000 km ( cannot determine for certain how much the LaRC trajectories and the GSFC NMC trajectories diverge due to the "enrichment" process and how much of the difference is due to other factors. However, the effects of numerical accuracy appear to be small (---24 km in 5 days for the LaRC model) and the average difference in potential temperature between the two models is only about 0.5 K. Therefore most of the difference seen between the LaRC and the GSFC isentropic models is probably due to the "enrichment" process. The trajectories from the two isentropic models (with NMC input to the GSFC model and NMC-enriched fields input to the LaRC model) have relatively small vertical separations (Table 9 ). Despite these small vertical differences the median horizontal separations are still significant, ranging from 295 km at 700 mbar up to about 1200 km at 300 mbar. Twelve percent of the trajectories have horizontal separations greater than 2000 km at 5 days. This suggests that the enrichment process causes more of a change in the wind fields than in the temperature fields.
Kinematic Model
The effects of large differences in the three-dimensional velocity fields computed from the NMC and ECMWF analyses are apparent in comparisons of trajectories run with the FSU kinematic model (Table 8, Figure 9 ). Median absolute vertical separations range from 108 mbar for the trajectories arriving at 300 mbar to 149 mbar for those arriving at 5(10 mbar. These large vertical differences cause large horizontal separations (median values of 1289 km at 700 mbar ranging up to 1835 km at 300 mbar; see Table 8 ). Nearly 40% of the trajectories have horizontal separations greater than 2000 km (see Figure  9b) , and the separations exceed 5000 km for 12% of the trajectories.
Average travel distance differences imply stronger winds along the NMC trajectories initialized at 700 mbar and 500 mbar than on the corresponding ECMWF trajectories. The difference in average wind speeds along the trajectory paths is most significant at 700 mbar (1.7 m s-•). However, at 300 mbar the travel distance difference is negative, implying stronger ECMWF winds on average in the upper troposphere. The ratio of horizontal separation to travel distance at the end of five days (---0.5 at 700 and 300 mbar, 0.64 at 500 mbar, and 0.75 for the flight track points) are larger than those that result from the comparisons performed with the isentropic models. Therefore trajectories computed with the FSU kinematic model appear to be much more sensitive to input analysis differences 
Implications for TRACE A Analysis
We have found large discrepancies between soundings and the analyses, large differences in the trajectories between models [Fuelberg et al., this issue] , and between runs of the same model with different input (this analysis). Hence, every trajectory that is generated for the purpose of interpreting the TRACE A chemical data needs some expression of uncertainty. Because we found the ECMWF analyses to be marginally better than the NMC analyses, particularly in the tropical portion of the TRACE A region, we tend to put slightly more confidence in trajectories run with ECMWF input. However, the ECMWF fields show only slightly better comparisons with (Tables 1-4) . The ECMWF analyses are marginally better than the NMC analyses, particularly in the tropical portion of the TRACE A region. NMC analyses appear better at the southern margin of the TRACE A region, where flow is dominated by middle-latitude westerlies. However, the differences are seldom statistically significant. Note that the fractional horizontal wind speed discrepancy is very large because wind speeds in the tropical South Atlantic are very weak. We cannot determine whether the fields are improved by blending in the soundings as done with the LaRC trajectory model. The RMS differences between the NMC and ECMWF analyses reveal that the differences are greater over areas with little or no observed data, as one would expect.
Second, we examine the effects of the analysis differences on trajectories computed from the two sets of fields using three different models. Trajectories using one model with different data sets diverge significantly. With any of the three models, slightly more confidence can be placed in the trajectories computed with the ECMWF data, based on comparisons of the analyses with the TRACE A sounding data. However, because there are large differences between both sets of analyses and the soundings, we recommend that trajectories for interpretation of TRACE A chemical data be computed with both sets of input data. Uncertainty arising from analysis differences should be quantified in future atmospheric chemistry field studies by comparing independent sounding data with the analyses and by running trajectories from a test set of points using both sets of input analyses. The problem of meteorological uncertainty due to wind shear should be addressed by running a cluster of trajectories about the point of interest. In general, trajectory uncertainty maximizes in regions with large horizontal or vertical wind shears. When these regions are not placed in the same locations on the two analyses, large trajectory differences can arise. These procedures should be followed for any future atmospheric chemistry field study conducted in regions with sparse meteorological data.
